R 1 and R2 are retrotransposable elements that integrate at specific sites in the 28s ribosomal RNA (rRNA) genes of Bombyx mori and Drosophila melanogaster. We have previously shown that most insect species contain insertions in their 28s genes at the R 1 and/or R2 site. We have sequenced the 3' half of Rl and R2 elements from three additional insect species: the fungus gnat, Sciaru coprophila (Diptera); the Japanese beetle, Popilliu japonica (Colleoptera); and the parasitic wasp, Nusonia vitripennis (Hymenoptera ) . The elements were obtained by screening lambda phage genomic clones containing rDNA units and by a polymerase chain reaction approach using degenerate primers to conserved sequences in the reverse-transcripta domain, in combination with a second primer to the 28s gene 3' of the insertion site. Comparisons of the sequences of Rl and R2 from four insect orders suggest that the organization of their open-reading frames has been conserved and is therefore likely to be similar throughout insects. This sequence analysis also indicates that, except for 5' truncations generated during the retrotransposition process itself, most elements have not accumulated mutations that would make them inactive. Popillia japonica and N. vitripennis differed from previously described species, in that (a) P. japonica contained multiple families of R2 and (b) N. vitripennis contained multiple families of R 1. Nucleotide sequence identity between these different families is low. Amino acid sequence identity of their open-reading frames averaged only 4 1% for the R2 families of P. japonicu and 35% for the RI families of N. vitripennis. The presence of multiple highly divergent families of elements within a species suggests either that each insertion family is able to maintain its copy number without eliminating the other families in its competition for a limited number of 28s genes or that there has been extensive horizontal transfer of RI and R2 elements between insect species.
Introduction
Non-LTR retrotransposable elements are an abundant class of mobile elements found in protists, fungi, higher plants, and animals (see reviews by Martin 199 1; Eickbush 1992) . As the name implies, the major structural difference between this class of elements and the better-known retrotransposable elements, such as copia or Ty 1, is the absence of long terminal repeats ( LTRs). Because the best-known members of the non-LTR class of retrotransposable elements are the Line 1 (L 1) elements of mammals (Hutchison et al. 1989 ) , these elements have also been referred to as Linelike elements. A second common feature of non-LTR elements is that most copies of an element have identical 3' ends but are truncated to variable lengths at the 5' end (Hutchison et al. 1989) . The absence of LTRs and a susceptibility to 5' truncations indicate that the mechanism of retrotransposition of these elements differs from that of the LTR-containing retrotransposable elements and retroviruses (reviewed in Varmus and Brown 1989) . Current models postulate that the 3' end of DNA exposed at a chromosomal break is used to prime the reverse-transcription step from RNA, with subsequent steps to complete the integration process supplied by cellular DNA repair machinery (Schwarz-Sommer et al. 1987; Finnegan 1989; Bucheton 1990) . If firststrand (cDNA) synthesis is aborted before reaching the 5' end of the element, integration can still result, accounting for the frequent 5'-truncated copies of these elements.
The non-LTR retrotransposable elements Rl and R2 specifically insert into the 28s ribosomal RNA (rRNA) genes of Bombyx mori and Drosophila melanogaster (Burke et al. 1987; Xiong and Eickbush 1988 c; Jakubczak et al. 1990 ). The insertional specificity of R 1 and R2 to unique sites in the 28s gene has provided several advantages in the study of both their mechanism of retrotransposition and their evolution. First, their site specificity has suggested that they encode their own endonuclease capable of initiating a specific cut at the target site of the 28s gene. We have been able to confirm this prediction with the R2Bm element (Xiong and Eickbush 1988a) . The first letter of the genus name and of the species name is used to define the origin of the Rl or R2 element (e.g., "R2Bm" denotes the R2 element from B. mori). More recently we have shown that the 120-kD protein encoded by R2Bm coordinates this cleavage at the insertion site with reverse transcription of the R2 transcript (Luan et al., submitted) . Specific recognition of the RNA transcript by the R2-encoded protein utilizes a sequence within 800 bp of the 3' end of the R2 element.
A second advantage of the specificity of Rl and R2 for unique insertion sites in the rRNA genes is that these elements can be readily detected in distantly related species by genomic blots and can be cloned by simply isolating the rRNA genes themselves. We have shown in a survey of nearly 50 species that insertions at the Rl and R2 sites are abundant throughout Insecta (Jakubczak et al. 199 1) . One unexpected finding from this survey was that multiple insertion families can exist in the same insect species. For example, four different insertions were found in the R 1 sites in the wasp, Nasonia vitripennis, and five different insertions were found at the R2 sites in the Japanese beetle, Popillia japonica.
In this report we present a more detailed comparison of the sequence similarity of R 1 and R2 elements from four orders of insects: Diptera, Lepidoptera, Hymenoptera, and Coleoptera. Particular emphasis has been given to the multiple families of elements present in N. vitripennis and P. japonica. The analysis has focused on the 3' half of Rl and R2 elements, for several reasons. First, the many 5'-truncated copies of Rl and R2 complicate the recovery of the true 5' ends. Second, the 3' end of R2-and, by analogy, other non-LTR elements-contains the signals for the initial step of the retrotransposition process (Luan et al., submitted) . Third, the carboxyl-terminal portions of the open reading frames (ORFs) of Rl and R2 are conserved in sequence between insect orders and thus are useful for phylogenetic studies (Jakubczak et al. 1990 ).
Evolution of RI and R2 165 Material and Methods
Genomic Blot Assays
Three-microgram aliquots of total adult DNA were digested with HincII+ EcoRI and blotted onto nitrocellulose paper. Hybridizations were conducted at 60°C in 0.6 M NaCl, 0.12 M Tris-HCl pH8, 4 mM EDTA, 0.1% bovine serum albumin, 0.1% Ficoll, 0.1% polyvinylpyrrolidine, and 0.1% SDS. After hybridization, the nitrocellulose paper was washed at 60°C in 0.15 M NaCl, 0.03 M Tris-HCl pH8, and 1 mM EDTA. Hybridization probes were derived from segments of the 28s gene either downstream or between the R 1 and R2 insertion sites (see fig. 1A ). The 280-bp probe corresponds to a BamHI-Hind111 fragment containing the 280-bp region of the Drosophila melanogaster 28s gene immediately 3' of the Rl insertion site cloned into pUC 18, p3 Ii1 -280 (Jakubczak et al. 199 1) . The 56-bp probe corresponds to a 56-bp fragment from the 28s gene of Bombyx mori cloned into pUC 18, p3' R2-56. The sequence starts at the #III site, which is 2 bp 5' of the R2 insertion site and ends at a Ba13 1 deletion site 20 bp 5' of the Rl insertion site (see Xiong and Eickbush 1988a) . To be used as a hybridization probe, the 280-bp fragment from p3'R l-280 was gel-purified and labeled by random priming. In the case of the p3'R2-56, a single-stranded probe was obtained by restricting the clone with EcoRI and using Taq polymerase in a standard DNA sequence reaction without dideoxynucleotides.
Cloning of Rl and R2 Elements
Plasmid clones containing the Rl and R2 elements derived from lambda clones Bc5 and BclLl of Sciara coprophila were obtained from A. Kerrebrock (Kerrebrock et al. 1989) . A 0.8-kb EcoRI-SmaI fragment containing most of the Rl element and a 0.6-kb HincII-H&II fragment corresponding to the 5 '-most sequences of the cloned R2 element in Bc 1 L 1 were isolated and used to screen a Charon 4A library from S. coprophila also supplied by A. Kerrebrock. Appropriate restriction fragments from the clone with the longest R 1 (SC 128) and longest R2 (Sc238) were recloned into pUC 18 plasmids for further restriction mapping and subsequent nucleotide sequence determination.
An EMBL 4 lambda genomic library of partial Sau 3A-digested Popillia japonica DNA was screened with the 280-bp 28s gene probe (Jakubczak et al. 1991) . Fortyeight clones were plaque-purified, and their DNA was isolated and subjected to Southem analysis. On the basis of the length of the HincII-EcoRI fragment that hybridized to the 280-bp 28s gene probe, the lambda clones were divided into eight groups. HincII-EcoRI fragments from one clone representative of each of the eight groups were subcloned into M 13mpl8 and M 13mp 19 vectors.
A Charon 35 lambda genomic library of partial Sau3A-digested Nasonia vitripennis DNA was screened with the 280-bp 28s gene probe (Jakubczak et al. 1991) . Thirty-six clones were plaque-purified, and their DNA was isolated and subjected to Southern analysis. As in the case of the P. japonica clones, the N. vitripennis clones were divided into groups containing inserted or noninserted rDNA units, on the basis of the length of the HincII-EcoRI fragment that hybridized to the 280-bp 28s gene probe. However, unlike the P. japonica insertions, the HincII-EcoRI fragments derived from the N. vitripennis clones were all < 1 kb in length and did not correspond to the HincII-EcoRI fragments detected on genomic blots. The HincII-EcoRI fragments from seven clones were subcloned into M 13mp18 and sequenced. In all cases they represented the 3' end of Rl elements, with the HincII site corresponding to the Sal1 site within the polylinker region of the Charon 35 vector. Thus all of the isolated lambda clones that contained Rl insertions ended at a Suu3A site near the 3' end of the R 1 elements. The 36 lambda clones containing rDNA insertions were also screened with a 28s gene probe located 5' of the R 1 and R2 insertion sites [the 0.3-kb BumHIHincII fragment from clone B 13 1-6.0-kb-Barn-Xba (Burke et al. 1987 )] , to obtain the 5' ends of insertion elements. Only one clone (Nv6) contained the 5' end of a 28s gene insertion. A 5.3-kb BumHI-Sal1 fragment containing this R2 element was recloned into pUC 18.
Because of the limited success in obtaining insertion elements from the lambda genomic library of N. vitripennis, the polymerase chain reaction (PCR) method was used as an alternative approach to clone the 3' half of Rl elements from this species. Two degenerate oligonucleotide primers were made that were complementary to the nucleotide sequences encoding highly conserved amino acid motifs of the reversetranscriptase domain. Qne primer, 5'-GCNTWWGCNGAYGAY-3 ' (N = any nucleotide; W = A or T, and Y = T or C), was complementary to the sequence encoding the amino acid motif A( Y /F) ADD. The second primer, 5 'GGNTGYCCNC-ARGGNTC-3' (R = A or G), was complementary to the sequence encoding the amino acid motif GCPQGS. Each of these primers was used in combination with a second primer ( 5 '-AAGAGCCGACATCGAAGGATC-3 ') complementary to the 28s gene sequence 670 bp downstream of the RI insertion site. The degenerate primers contained a Sal1 site, and the 28s primer contained a BamHI site for use in cloning of the amplified products.
Nucleotide Sequence Determinations
Specific restriction fragments or PCR-amplified products were directionally cloned into M 13mp 18 and M 13mp 19 vectors for sequencing by the single-stranded dideoxy chain-termination method (Sanger et al. 1977) . To obtain the 3'junction of the RI elements with the 28s gene, clones were sequenced using the polynucleotide 5'-ACGGTCTGATCTCAGTTCGA-3'
to prime synthesis at a site 65 bp downstream of the RI insertion site. To obtain the 3' junction of the R2 elements, clones were sequenced using the polynucleotide 5'-CGCGCATGAATGGATTAACG-3 ' to prime synthesis at a site 29 bp downstream of the R2 insertion site.
Sequence Analysis DNA and protein sequence analysis were analyzed by the computer program package MacVector (IBI) on a Macintosh computer and with the Wisconsin Genetics Computer Group (GCG) programs on a VAX computer. Amino acid sequence alignment of the R 1 and R2 ORFs was conducted by the "unitary matrix" method (Feng et al. 1985) after visual identification of the highly conserved motifs indicated in figures 2 and 3. Phylogenetic tree construction from the aligned amino acid sequences was conducted by the distance-based neighbor-joining (NJ) method (Saitou and Nei 1987) . The proportion of different amino acids between each pair of sequences was calculated by dividing the number of different residues by the total number of compared residues. Before tree construction, all values were changed to distance with Poisson correction, d = -logs, where S is sequence similarity. Amino acid positions corresponding to segmental differences between elements were not included in the analysis. fig. 4 . Boundaries of the reverse-transcriptas domain compared by Xiong and Eickbush ( 1990) are indicated by single vertical lines. The presumed boundary between the reverse-transcriptase and nucleic acid-binding domains is indicated by the double vertical line. The sequence of the RlBm and RlDm elements was obtained from Xiong and Eickbush ( 1988~) and Jakubczak et al. ( 1990) . Amino acid residues in the "thumb subdomain" of the reverse transcriptase (Kohlstaedt et al. 1992) and in the nucleic acidbinding domain that are found in seven of the eight RI sequences are indicated below the RlPj3 sequence. The location of the cysteine/ histidine motif is underlined. A dash (-) denotes a gapped position; and an asterisk ( * ) denotes a termination codon. Taxon abbreviations are as in table I.
Results

Genomic Blot Assay to Differentiate Rl and R2 Elements
Elsewhere we have previously described a genomic blot assay that enables the detection and quantitation of DNA insertions in the 28s genes near the RI and R2 Evolution of RI and R2 169 insertion sites (Jakubczak et al. 199 1) . Nucleotide sequence analysis of 22 cloned insertions from eight insect species revealed that 13 were located at the R 1 site, 8 were located at the R2 site, and 1 was located 27 bp upstream of the R2 site. We have modified this genomic blotting procedure ( fig. 1 A) to indicate directly whether the insertions within a species are located at the Rl site or the R2 site. In this assay, restriction enzymes are selected that cleave the 28s gene upstre.am and downstream of the Rl and R2 insertion sites. H&II, which cleaves ~60 bp 5' of the R2 site, and EcoRI, which cleaves -700 bp downstream of the Rl sites, can be used for most insects. The restricted DNA is divided into two aliquots, electrophoresed, and blotted. One blot is probed with the previously described 280-bp segment of the 28s gene immediately downstream of the RI insertion site (Jakubczak et al. 1991) , while the second blot is probed with a 56-bp segment of the 28s gene from between the Rl and R2 insertion sites. In a HincII+EcoRI digest of DNA from most species, uninserted 28s genes give rise to a 0.8-kb fragment in both blots (uninserted band), while those 28s genes with insertion elements will give rise to fragments of different lengths (insertion bands). Insertion bands that are of the same size with both the 56-bp and the 280-bp probes correspond to elements that are located upstream of both probes, and they thus are likely to be R2 elements (or an element inserted immediately upstream of the R2 site). Insertion bands that differ in length with the two probes correspond to Rl insertions, because the 56-bp probe hybridizes to DNA fragments from the 5' end of the element, while the 280-bp probe hybridizes to DNA fragments from the 3' end of the element.
Examples of this analysis conducted with genomic DNA from Popillia japonicu and Nasonia vitripennis are shown in figure 1B. These species contained two of the most complicated series of insertion bands detected in our previous report (Jakubczak et al. 199 1;  fig. 1 ). In the case of P. juponica most of the insertion bands are of the same length with the 280-bp and 56-bp probes and correspond to R2 insertions. Only the diffuse band at 1.7 kb is reduced in hybridization intensity with the 56-bp probe, suggesting that most of the 28s genes corresponding to this band contain an Rl insertion. In the case of N. vitripennis, comparison of the two blots reveals that most of the insertion bands are of different length, suggesting that they corresponded to Rl insertions. A larger number of less distinct insertion bands are detected in the N. vitripennis genomic DNA blot when it is probed with the 56-bp probe than when it is with the 280-bp probe. This is probably a result of 5' truncations of Rl elements in N. vitripennis, resulting in a series of hybridizing fragments for each sequence family.
This assay has been used with genomic DNA from a variety of different insect species to demonstrate that Rl elements are, in general, more abundant than R2 elements (data not shown). This assay can give misleading results in those cases where the Rl element does not have a cleavage site for the enzymes used in the digestion of the genomic DNA. Such R 1 elements give rise to fragments that are of the same length with both probes and that are incorrectly identified as R2 elements. To insure proper identification of Rl elements, several different sets of restriction enzymes need to be used in the genomic blot.
Cloning the 3' Half of Rl and R2 Elements from Sciaru coprophilu, P. japonica, and N. Evolution of R 1 and R2 17 1
On the basis of genomic blots, full-length copies of the elements were estimated to be 5.6 kb (R 1 SC) and 4.3 kb (R2Sc). The cloned copies of these insertions obtained from a random selection of lambda clones with rDNA units were only 0.9 kb (R 1 SC) and 1.4 kb (R2Sc) in length. Therefore we used internal fragments from these cloned copies as probes in an attempt to isolate full-length Rl and R2 elements from a genomic library of S. coprophilu (a gift from A. Kerrebrock and S. Gerbi). Analysis of the four lambda clones obtained from this screen containing Rl and of the two clones containing R2 revealed that the elements within these clones also contained 5' truncations. The longest copy of the R 1 SC (3.8 kb) and R2Sc (2.8 kb) obtained from the screen were sequenced. On the basis of this sequence analysis (figs. 4 and 5) and the estimated length of complete elements (Kerrebrock et al. 1989) , the genomic organization of the S. coprophila elements appears similar to those of Bombyx mori and Drosophila melanogaster.
Popillia japonica
To clone the 3' ends of Rl and R2 elements from P. juponica, a collection of 24 lambda clones containing rDNA units was obtained by screening a EMBL 4 library with the 280-bp 28s gene probe (Jakubczak et al. 199 1) . The clones were divided into groups based on the length of the HincII-EcoRI fragment that hybridized to the 280-bp probe. Those clones with a HincII-EcoRI fragment of 0.8 kb corresponded to uninserted rDNA units, while those clones with HincII-EcoRI fragments ~0.8 kb (seven groups) contained inserted rDNA units. The HincII-EcoRI fragment lengths of many of these insertion groups corresponded to the lengths detected on genomic blots of DNA digested with H&II and EcoRI (dotted bands in fig. 1B ; discussed below). The nucleotide sequence of the 28s gene junction with the insertion on these HincII-EcoRI fragments revealed five different R2 insertions ( fig. 5) ) with the total length available for sequence comparisons ranging from 0.2 kb (PjlOa) to 2.6 kb (Pj 10). A sixth insertion class from P. juponica was represented by Pj3 ( fig. 4 ) and corresponded to an Rl element. The different families of insertions were named by incorporating the number of the lambda phage clone (e.g., "R2Pj 19" denotes an R2 family originally obtained from lambda clone 19).
The final class of 28s insertions detected in P. japonica (represented by clone Pj 17) corresponded to a 1.2-kb insertion 27 bp upstream of the R2 site (data not shown). Genomic blots probed with internal segments of the insertion in Pj 17 indicated that most copies of the insertion are 1.2 kb in length and are located within the 28s genes. Additional copies of this insertion were also found in clone Pj 1 ( fig. 5 ) and Pj3 (fig. 4) . The element in Pj3 is truncated at its 5' end, suggesting that it may be a non-LTR retrotransposable element. The 1.2-kb P. japonica element is inserted into the   FIG. 3. -Comparison of the ORF sequence of R2 elements. The nomenclature for the various R2 elements is as in fig. 5 . Boundaries of the reverse-transcriptase. domain compared by Xiong and Eickbush ( 1990) are indicated by single vertical lines. The presumed boundary between the reverse-transcriptas and nucleic acid-binding domains is indicated by the double vertical line. The sequence ofthe R2Bm and R2Dm elements was obtained from Burke et al. ( 1987) and Jakubczak et al. ( 1990) . Amino acid residues in the "thumb subdomain" of the reverse transcriptase (Kohlstaedt et al. 1992 ) and in the nucleic acid-binding domain that are found in seven of the eight Rl sequences are indicated below the R2Nv sequence. The location of the cysteine/histidine motif is underlined. Symbols are as in fig. 2 , and taxon abbreviations are as in table 1. 28s gene at approximately the same position as is a third insertion element detected in S. coprophilu and termed "R3" (Kerrebrock et al. 1989 ). However, other than their location within the 28s gene, no additional similarities could be detected between these two insertions. Copies of the P. juponica element represent precise insertion into the 28s gene (i.e., no target site duplication or deletions were generated in Pj 1, Pj3, and Pj 17 ), while the cloned S. coprophilu element contains a short deletion at the target site. The complete sequences of the 0.9-kb R3 element in clone Bc6D6 of S. coprophilu (Y. Xiong, unpublished data) and of the 1.2-kb P. juponicu element in clone Pj 1 and Pj 17 ( W. Burke, unpublished data) reveal no identifiable ORFs and no nucleotide similarity between the elements from the two species. Thus, at present there is no evidence to suggest that these two elements are related or that either element represents an autonorpous mobile element.
Nusoniu vitripennis
A survey of lambda clones containing rDNA units of N. vitripennis yielded one clone with an R2 insertion, Nv6 ( fig. 5) , and a number of clones containing only the extreme 3' end of Rl elements (see Material and Methods). Therefore, the 3' half of the Rl elements from N. vitripennis were reproducibly amplified using one primer complementary to conserved sequences within the insertion element and a second primer complementary to the 28s gene downstream of the insertion. Two primers complementary to the insertion elements were tested. Both were degenerate oligonucleotides complementary to the sequences encoding highly conserved amino acid motifs found in reverse-transcriptase sequences Eickbush 1988b, 1990) . One oligonucleotide was a 256-fold degenerate primer, 15 nucleotides in length, corresponding to all possible nucleotide sequences encoding the amino acid motif A( Y / F)ADD found in domain five of the reverse-transcriptase sequences of both Rl and R2 elements of D. melanogaster and B. mori (Jakubczak et al. 1990 ). The second oligonucleotide was also a 256-fold degenerate primer, 17 nucleotides in length, which encoded the amino acid motif GCPQGS, found in domain four of the reverse-transcriptase sequences of R 1 Bm and R 1 Dm (Jakubczak et al. 1990 ). These degenerate primers were used in combination with a primer complementary to a highly conserved 28s gene sequence -670 bp downstream of the RI insertion site. The 28s primer was located at a significant distance downstream of the insertion site, in order that each PCR product would contain a portion of the 28s gene as a species-specific tag. This tag on each PCR product controlled for possible contaminations of the DNA preparations and PCR reactions, insuring that multiple R 1 and R2 elements amplified from the same DNA preparation were all derived from the same species. Relatively high annealing temperatures (65°C) can be used in these amplification reactions, which minimizes background amplification of nonspecific sequences. The amplified products from the PCR reaction were cloned before being sequenced into mp 18 and mp 19 vectors, by BamHI and Sal1 sites located in the oligonucleotide primer sequences.
Eight clones derived from the PCR amplification of N. vitripennis DNA by the A( Y/F)ADD region primer, as well as eight clones so derived by the GCPQGS region primer, were isolated and sequenced ( fig. 4 ). Clones obtained with the A (Y /F)ADD primer were found to correspond to five different Rl sequences, labeled "A''-"E" (three clones corresponded to family A, and two clones corresponded to family B). Two of these R 1 sequences contained internal Sal1 sites ( D and E) and thus contained only a portion of the amplified segment. Three of the R 1 classes obtained by this PCR amplification (A-C) corresponded to the previously reported R 1 elements identified by the analysis of lambda clones (Jakubczak et al. 199 1) . The PCR classes D and E represented new classes of R 1 elements. The R 1 element previously identified in lambda clone Nv8 was not obtained by PCR. Of the eight clones obtained with the GCPQGS primer, five corresponded to RI family A and three corresponded to Rl family B. Thus this second primer amplified only a subset of Rl sequences in N. vitripennis. In summary, portions of six different Rl insertions and one R2 insertion have been cloned from N. vitripennis either from a lambda phage library or by PCR amplification (figs. 4 and 5).
Rl and R2 Families of P. japonica and N. vitripennis
The level of nucleotide sequence divergence between the different cloned Rl elements in N. vitripennis and the cloned R2 elements of P. juponica is so high that it is difficult to align the nucleotide sequences between two families, without using the amino acid sequence of the conceptually translated ORFs to guide the alignment. As described in the next section, the level of amino acid divergence of these ORFs is also high (55% for the R2 elements of P. japonica and 65% for the Rl elements of N. vitripennis) . The presence of divergent R 1 and R2 elements within P. japonica and N. vitripennis is different from the uniform populations of elements found in B. mori, D. melanogaster, and S. coprophila. However, these divergent elements present in N. vitripennis and P. japonica do not represent a single large intraspecies population of elements that has a wide range of nucleotide divergence. Both genomic blots and nucleotide sequence analysis suggest that the R 1 and R2 elements in these two species can be divided into a distinct number of families that are each quite similar in sequence.
On the basis of the intensity of the hybridization, P. japonica is like other insects in containing several hundred rDNA units per haploid set. The 30% insertion frequency estimated for P. japonica suggests that there are 75-125 insertion elements per haploid genome. If a continuum of sequence variation were present for the R2 elements in this species, one would expect a large number of hybridizing bands on the genomic blots, not the low number of distinct bands seen in figure 1B . The insertion elements that we have cloned are representative of the specific bands detected on this blot (dotted bands). Four of the variant bands correspond to R2 elements: R2PjlO corresponds to the band at 3.2 kb, R2Pj 12 to the band at 2.6 kb, R2Pj 19 to the band at 2.3 kb, and R2Pj 10a to the band at 1 .O kb. The major variant band at 2.0 kb corresponds to the 1.2-kb insertion located 27 bp upstream of the R2 site. The two remaining insertions, R2Pj 1 and R 1 Pj3, are 5'-truncated before reaching a HincII or EcoRI site in the element; thus the correlation of these families with specific genomic bands is not possible. Full-length versions of the Rl element in Pj3 probably correspond to the 1.7-kb band, because of its reduction in intensity with the 56-bp probe. Thus the P. japonica genome contains a number of distinct insertion families, of which we have characterized a sizable percentage.
In N. vitripennis, the genomic blot probed with the 280-bp fragment reveals a limited number of distinct bands approximately equal to the number of distinct elements cloned ( fig. 1 B) . RlNvA corresponds to the band at 1.3 kb, RlNvC to the band at 2.1 kb, and R 1 NvE to a band at 0.85 kb that is not clearly resolved from the uninserted band in figure 1B . On the assumption that the 3' untranslated region of R 1 NvD elements are 600 bp in length, this family corresponds to the variant band at 1.45 kb. Finally, RlNvB probably corresponds to the genomic band at 2.5 kb, since it appears highly abundant and does not contain a HincII or EcoRI site within the region amplified by PCR.
The level of nucleotide sequence variation within the individual Rl families of N. vitripennis has been estimated for the A-C families of Rl elements. On the basis of the sequence of a 600-bp region starting at the degenerate PCR primers in the reverse-transcriptas domain, eight copies of RlNvA had, on average, only 0.45% nucleotide variation (range O.O%-0.9%), and five copies of RlNvB had, on average, only 0.92% nucleotide variation (range 0.2%-l .6%). Sequence comparison of a 500-bp segment of the untranslated region starting at the 3' junction with the 28s gene revealed that five copies of R 1 NvB had only 0.1% nucleotide variation (range O.O%-0.2%) and that two copies of RlNvC had 0.6% nucleotide variation. Thus the level of sequence homogeneity between different copies of Rl elements from within the same family is similar to the levels detected within the single Rl and R2 families found in B. mori and D. melanogaster (Xiong et al. 1988; Jakubczak et al. 1992) . In contrast, as described in the next section, the level of nucleotide identity between the different Rl families is very low ( <50%), except for a few localized regions in the coding and 3' untranslated regions.
Sequence Comparisons between Families of Rl and R2
Comparisons between the cloned segments of Rl and R2 from S. coprophila, P. japonica, and N. vitripennis and the previously described elements from D. melano-gaster and B. mori are shown in figures 4 and 5. Sequence comparisons of the ORF from these same elements are shown in figures 2 and 3. The general organization of the 3' half of these elements from the four orders of insects is similar. The only significant segmental changes are in the length of the 3' untranslated regions, which vary from 107 to 833 bp for Rl elements and from 150 to 551 bp for R2 elements. In these 3' untranslated regions from different insect orders, nucleotide similarity was detected neither between Rl elements nor between R2 elements. While several short regions of nucleotide identity between different R2 families in P. japonica and between different R 1 families in N. vitripennis were detected, they were not uniformly present in all families of each species; thus their significance is uncertain.
Of the six Rl and six R2 elements where significant segments of the ORF have been sequenced, only one element, RlNvA, contains mutations that terminate the ORF. Two termination codons are found in RlNvA, near the carboxyl-terminal end (dashed vertical lines in fig. 2 ). Thus, as previously found in B. mori and D. melanogaster (Burke et al. 1987; Xiong and Eickbush 1988~; Jakubczak et al. 1990) , except for 5 ' truncations, few mutations found in the sequenced R 1 and R2 elements would suggest that these elements are defective.
On the basis of a comparison with retroviruses and other retrotransposable elements, the region of the ORF available for sequence comparison can be divided into two major domains: a large reverse-transcriptase domain and a smaller nucleic acidbinding domain. Recently the crystal structure of the active subunit of the HIV1 reverse transcriptase has been determined ( Kohlstaedt et al. 1992 ) . The three-dimensional structure of the enzyme resembles a right hand, with subdomains corresponding to "fingers, " "palm," and "thumb." The reverse-transcriptase segments that are common to all reverse transcriptases (Xiong and Eickbush 1990 ) encode both the palm subdomain, which contains the active site, and ail but 40 amino acids at the amino end of the fingers subdomain. The position of this conserved portion is shown in figures 4 and 5, by the dark stippling of the bar representing the ORF. Non-LTR retrotransposable elements contain an additional conserved segment upstream of this common segment (Xiong and Eickbush 1988c) , which may correspond to the remainder of the fingers subdomain. No sequence similarity in the carboxyl-terminal thumb subdomain of the reverse transcriptase has been reported for the non-LTR retrotransposable elements. Two findings argue that this thumb, which is -80 amino acids in retroviruses, is -120 amino acids in Rl and R2. First, the ORF that encodes the reverse transcriptase of a number of non-LTR retrotransposable elements ends 1 OO-150 amino acids after the common reverse-transcriptase region (Di Nocera and Casari 1987; Priimagi et al. 1988; O'Hare et al. 199 1) . Second, in both Rl and R2 a region of the ORF with little sequence similarity and that is subject to segmental changes is located 120-130 amino acids downstream of the common reverse-transcriptase domain. We suggest that the size of the entire region encoding reverse transcriptase is -420 amino acids in all Rl and R2 elements.
The region downstream of the reverse-transcript domain is -155 amino acids in Rl (range 142-167 amino acids) and -275 amino acids in R2 (range 267-33 1 amino acids). R2Pj 1 is unusual in that its ORF extends 55 amino acids farther than any other R2 element ( fig. 3) . A single nucleotide substitution that alters a TAG termination codon to a GAG glutamic acid codon could account for this change in R2Pj 1. The only conserved sequence within the carboxyl domain of R 1 and R2 that has identifiable function is a nucleic acid-binding motif. This motif starts -100 amino acids downstream of the reverse-transcriptas domain in both RI and R2 elements.
The spacing of cysteine (C) and histidine (H) residues in this motif is C-X-C-Xs-C-X4-H for all R 1 elements and C-X3-C-X7-H-X4-C for all R2 elements. A similarly located nucleic acid-binding motif can be found in those non-LTR retrotransposable elements with ORFs that extend 2300 amino acids downstream of the reverse-transcriptase domain. In these other retrotransposable elements the variation in this motif is also in the number of residues between the first and second cysteine residues ( l-3 amino acids) and between the second cysteine and the histidine (7-8 amino acids) (Schwarz-Sommer et al. 1987; Jakubczak et al. 1990 ). It is not known whether this motif is part of the endonuclease activity encoded by the R2Bm ORF (Xiong and Eickbush 198&z) or whether this endonuclease domain is part of another cysteine/ histidine motif located upstream of the reverse-transcriptase domain (Jakubczak et al. 1990 ). The carboxyl-terminal nucleic acid-binding motif found in various non-LTR retrotransposons differs from the nucleic acid-binding motif within the integrase domain of retroviruses and LTR retrotransposable elements, H-X2-H-X22_s2-C-X2-C (Johnson et al. 1986 ). Because the integration mechanism used by the non-LTR retrotransposable elements appears to be entirely different from that of retroviruses (see discussions in Finnegan 1989; Bucheton 1990; Eickbush 1992) , it is likely that the nucleic acid-binding domain of the non-LTR elements is not homologous to the integrase domain of retroviruses.
Located downstream of the reverse-transcriptas domain of all retroviruses and LTR retrotransposable elements is the RNase H domain (Johnson et al. 1986 ). The conserved amino acid sequences associated with this domain are well defined as a result of the comparison of the crystal structure of the RNase H domain from HIV1 with that of Escherichia coli RNase H (Davies et al. 199 1). While a putative RNase H domain has been suggested for the non-LTR elements I, Line 1, Cin4, and ingi (Fawcett et al. 1986 ; McClure 199 1 ), such a domain has not been detected in the remaining non-LTR elements. The sequence of divergent copies of Rl and R2 from different insects enables us to identify for such comparisons the conserved regions downstream of the reverse-transcripta domain. No amino acid similarity to the RNase H motifs conserved between the retroviral and E. coli enzymes could be found in Rl or R2, clearly suggesting that these elements lack an RNase H domain. Therefore, we will refer to the entire region downstream of the reverse-transcriptase domain of Rl and R2 as simply the nucleic acid-binding domain.
The level of amino acid sequence identity for the reverse-transcriptase and nucleic acid-binding domains of the Rl and R2 elements is shown in tables 1 and 2. The level of sequence identity is, on average, higher for the reverse-transcriptas domain than for the nucleic acid-binding domain. This difference in the conservation of these two domains is small for the RI elements (average 0.018 higher for the reverse-transcriptase domain) but is substantial for the R2 elements (average 0.080). The lower levels of identity for the nucleic acid-binding domain of the R2 elements is a result of the poor conservation of the sequences at the extreme carboxyl-terminal end of the ORF. In instances where more than one family is present in a species, the relative levels of identity between the reverse-transcriptase and nucleic acid-binding domains is the same for the different families, suggesting the absence of recombination between the families. The highest levels of amino acid identity were found for the four families of R2 elements from P. juponicu [average 41 .O% (range 32.1%-55.1%) ] . The four families of RI elements from iV. vitripennis average only 34.9% amino acid identity (range 24.7%-46.0%). This level of similarity among the families within one species is only slightly higher than the level of similarity between elements from different insect orders. Clearly the multiple families present in P. juponica and iV. vitripennis represent ancient divergences.
The phylogenetic relationship of the RI and R2 elements from the four insect orders was examined using 35 1 (Rl ) and 3 16 (R2) amino acid sequences from the carboxyl-terminal end of the ORFs. Both distance (NJ of Saitou and Nei 1987) and parsimony (PAUP of Swofford 199 1) same species. Therefore, with the possible exception of one element (RlNvD), the phylogeny of the elements is consistent with Rl and R2 being stably maintained in each lineage since the divergence of these four orders of insects.
Discussion
The analysis of Rl and R2 elements from the three divergent species in this report, along with previously reported elements from Bombyx mori and Drosophila melanogaster, has revealed that the basic organization of the Rl and R2 elements is conserved in four orders of insects. It is likely that R 1 and R2 elements from all insects will show this same organization. It also appears likely that nearly all insertions found in the Rl and R2 sites of a species will correspond to active or recently active Rl and R2 elements. Only one element of the 16 total Rl and R2 elements that have been totally or partially sequenced (Burke et al. 1987; Xiong and Eickbush 1988b ; Jakubczak et al. 1990 ; present paper) contained mutations that interrupted its ORF. The one exception, R 1 NvA, contained two termination codons near the end of the ORF (fig.  4) . Because the methods used to isolate these elements did not preselect for active elements, we conclude that inactive copies of RI and R2 are not maintained in the rDNA loci of these insects for periods long enough to accumulate mutations. The only clearly defective R 1 and R2 elements that are frequently encountered within the 28s genes are 5' truncations. These truncations appear to be generated during the reverse-transcription process itself (Jakubczak et al. 1992 ) .
Two methods have been used to date to isolate Rl and R2 elements from insect species. For most species, elements were isolated by the random selection of lambda phage clones containing rDNA units and by the analysis of all clones containing insertions. Only in the case of Nasonia vitripennis, when it was found that all lambda clones selected by this means were truncated by cloning within the Rl elements, did an alternative method become necessary. This second method of isolating R 1 and R2 elements involved PCR amplification, using one degenerate oligonucleotide primer complementary to conserved regions of the reverse-transcriptase domain and a second primer complementary to the 28s gene downstream of the insertions. This PCR approach is obviously much faster than the construction and screening of a genomic library and is preferable for future studies. The degenerate primer, which was complementary to sequences encoding the amino acid motif A( Y/F)ADD within the reverse-transcriptase domain of both Rl and R2, was found to give a representative sample of the Rl families in N. vitripennis. The second primer, which was complementary to sequences encoding the motif GCPQGS, found only in RI elements, did not give a representative sample of the Rl families from N. vitripennis. We have conducted additional tests with these primers on different species (D. G. Eickbush, unpublished observations). In most cases the A( Y/F)ADD primer amplifies both the R 1 and R2 elements present in the species, but the R 1 elements usually predominate. All PCR products should contain a portion ( -700 bp) of the 28s gene immediately downstream of the insertion sites, as a convenient species-specific tag to guard against contamination of the amplification reactions. Thus all insertion families from any one species that are obtained by PCR must contain the same 28s gene sequence.
Initial studies of R 1 and R2 elements from four Dipteran and one Lepidopteran species indicated that for each species there was a single population of RI elements and, if present, a single population of R2. In B. mori, genomic blots and sequence analysis of multiple independently derived copies indicated populations of Rl and Evolution of RI and R2 18 1 R2 elements that were highly uniform in both length and sequence (Eickbush and Robins 1985; Burke et al. 1987; Xiong and Eickbush 1988 c) . In D. melunoguster there is also a highly uniform population of RI and R2 elements within the rDNA loci; the only major variation between different copies corresponds to 5' truncations (Dawid and Rebbert 1981; Roiha et al. 1981; Jakubczak et al. 1990 Jakubczak et al. , 1992 . The 5' truncated copies contained little sequence variation from the full-length elements, suggesting that they were recently generated. The nucleotide variation within Rl or R2 was <0.5%, whether these different copies were obtained from the same or geographically diverse strains (Jakubczak et al. 1992) . While more limited nucleotide sequence data are available for D. virilis (Rae et al. 1980) ) the blow fly, Calliphora erythrocephalu (Smith and Beckingham 1984) ) and S. coprophilu (Kerrebrock et al. 1989 ; present paper), genomic blots again indicated very uniform populations of elements in each species. We have suggested (Jakubczak et al. 1992 ) that these high levels of sequence identity are a result of the unusual location of RI and R2 within the 28s genes, which makes them subject to the same homogenizing effects of recombination (crossovers and gene conversions) that act on the ribosomal genes themselves (Petes 1980; Szostak and Wu 1980; Coen et al. 1982; Seperack et al. 1988) .
Although these studies indicate uniform populations of RI and R2 within these Dipteran and Iepidopteran species, genomic blots from a much wider array of insects have indicated that certain species contain large numbers of insertion bands, suggesting that the R 1 and R2 elements in these species have significant sequence diversity (Jakubczak et al. 199 1) . The present report describes the variation present within such species. The Rl elements of N. vitripennis and the R2 elements of P. japonica can be divided into multiple distinct families. The level of nucleotide sequence divergence between different families is >50%. The level of nucleotide divergence between the families is so great that one would not expect recombination events between families, and none was detected. Meanwhile, sequence divergence between elements from the same family is < l%, similar to that found for the single families of R 1 and R2 found in B. mori and D. melanogaster.
The presence of very divergent families of Rl and R2 elements in the same species raises the question of how these multiple families arise and of why they are found in some species but not others. One possibility is that the elements have diverged while being continuously maintained within the species lineage. This would require that the diverging elements somehow escape the homogenizing process that prevents divergence of the rRNA genes. A second possibility is that the families diverged in genetic isolation and were then brought together by cross-species transfer (xenology ) . Several possible cases of transposable elements that have undergone cross-species transfer have been reported (Daniels et al. 1990; Mizrokhi and Mazo 1990; Calvi et al. 199 1; Maruyama and Hart1 199 1) . Both viruses and parasitic organisms have been suggested as mechanisms by which this transfer might occur (Miller and Miller 1982; Houck et al. 199 1) . Evidence for xenology is most strongly supported by cases of very similar elements present in distant species. The data in this report would only support the more-difficult-to-prove scenario in which a more ancient transfer has resulted in one family of R 1 elements in N. vitripennis (the family descended from the transferred element) having greater similarity to the Rl element of B. mori than to the other Rl families from the same species.
The presence of very divergent families of the same retrotransposable element within the same species is not without precedent. Dot (O'Hare et al. 199 1)) F (Di Nocera and Casari 1987), G (Di Nocera 1988), and Jockey (Priimagi et al. 1988) appear to be members of the same class of non-LTR retrotransposable elements all present in D. melanogaster. Gypsy, 17.6, 297 , and 412 are all gypsy-like elements in D. melanogaster (Yuki et al. 1986 ). Finally, very divergent families of copia-like elements are found in Arabidopsis thaliana (Konieczny et al. 199 1) and the potato, Solanum tuberosum (Flavell et al. 1992) . The maintenance of multiple Rl or R2 families within a species would seem to require a more elaborate explanation than the presence of multiple families of elements that can insert at numerous locations throughout the genome. R 1 and R2 have only a limited number of 28s genes available for insertion. Even with identical retrotransposition rates, stochastic forces (in particular, crossovers expanding and contracting the size of the rDNA locus) would be expected to lead, in time, to one family displacing all other families. This competition for a limited number of insertion sites is not expected to be as great between Rl and R2 elements, because both elements can occupy the same rDNA units (Jakubczak et al. 1992) .
Finding multiple families to be stable in a lineage would imply that the copy number of each family is independently regulated, with each family avoiding elimination by expanding whenever its copy number is reduced, by recombination, to some critical level. Thus it would be similar to the self-regulation based on copy-number mechanisms that have been found for several bacterial DNA-mediated transposable elements (Kleckner 1990) or for the P element in D. melanogaster (Rio 1990 ). Such a self-regulating model may explain why we have not found species with Rl or R2 families that show intermediate levels of sequence divergence. Perhaps only families that have diverged sufficiently to acquire independent regulation can coexist for long periods.
Sequence Availability
All other sequencing reactions were primed with the Universal primer. All sequences have been submitted to GenBank under the following accession numbers: RlSc, LOO945; R2Sc, LOO951; RlPj3, LO0944; R2Pj1, LO0946; R2Pjl0, LO0947; R2Pj 12, LOO948 R2Pj 19, LO0949; RlNvA, LOO940; RlNvB, LO0941; RlNvC, LO0942; RlNvD, LO0943; and R2Nv6, LOO950.
